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In-Situ X-ray Diffraction and STM Studies of Bromide Adsorption on Au(111) Electrodes
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The structure of bromide adlayers at the Au(X1agueous solution interface has been studied by in-situ
surface X-ray scattering (SXS) and scanning tunneling microscopy (STM). Both techniques show the existence
of a hexagonal close-packed adlayer phase above a critical potential and are in good quantitative agreement
on the adlayer structural parameters. The bromldt®@mide spacing changes continuously between 4.24 A

at the critical potential and 4.03 A at a potential 300 mV more positive. The adlayer is rotated relative to the
substrate by an angle dependent on potential and bromide concentration. The potential-dependent adlayer
density corresponding to these structural results agrees well with Br surface excess densities from published
electrochemical measurements. At very positive potentials a bromide-induced step-flow etching of the Au
substrate is observed. The results are used to compare the different techniques and to discuss the adlayer
structure, the phase behavior, and the hatigeld chemical interaction.

1. Introduction of bromide on gold electrodes indeed provides an excellent

The adsorption of anions on metal electrodes is a major topic model system for the study of these phenomena. Adsorption

in interfacial electrochemistry and has been extensively studied gzﬁf(;?hse];g{cg{ogges ogc?r(())lgcga}f tt;iﬁgioiltv)ﬁtaﬁ 'gr??%i:é/ \i/na_rlous
by classical electrochemical methods. Of particular interest are P P '

chemisorbed (also calledontact adsorbedor specifically situ STM observations of an ordered hexagonal Br layer on Au-
adsorbed anions, whose adsorption is controlled by both (lll)_have been report_ed by Tao and LindSayHowever,

electronic and chemical forces. This results in complex experimental problems in _the latter study prevented accurate
adsorption isotherms and in high anionic surface excess densitieéneag,urements of the lattice parameters. As e will show,
at the most positive potentials. A typical example is the precise knowledge of the structural parameters is mandatory to

specifical adsorption of chloride, bromide, and iodide. Adsorp- fully characterize the phase behavior of adsorbed bromide. In

tion isotherms of these anions on noble metals were measure ddm_on, the phase_ be_haw_or as a function of potential and
i romide concentration is still unknown.

ver th lectrochemical an I . . ; :
over the past decades by electrochemical and spectroscop In this publication we give a detailed account of the results

. i . i
techniques™” quartz microbalancé, and ex-situ vacuum of bromide on Au(111) obtained by a combined SXS and STM

technique$—1! In the past years, scanning probe and X-ray - . .
techniques have been used to investigate the structure of halideswdy’ which extends our recent brief report of the observation

adlayers on Ad?-23 P27 and Ag82single-crystal electrodes of ordergd ch!origf and brc_)mide adlaygrs on Au(111) by surface
in situ. These studies revealed a much richer phase behavionx'ray Q|ffract|on. In particular, we will ShO\.N that the same
than previously anticipated, including the formation of non- poten_hal-dependent structure of th‘? adlayer is observed by bo_th
primitive commensurate and incommensurate structures. techniques and that_the corresponding coverages agree well with
Up to now, most in-situ studies of halide adsorption inves- recent electrochemical data. The paper is organized as follows.
tigated the structure of iodine adlayers, which are extremely After presenting the e>_<per|men_tal details (section 2.) and_the
strong chemisorbed on noble metals. This often hinders aelectrochemlcal behavior (section 3.1), the X-ray diffraction

simple thermodynamic interpretation. For example, consider- experiments are described in section 3.2. In section 3.3 the
able hysteresis between adsorption and desodstamwell as results of STM experiments are presented, which were per-

coexistence of various adlayer structures over a larger potential{ﬁgr;(e_ (rjafotrjitf\f,:;)c{i?) ?‘Sg;tsé g:lsc;’rg;urﬁss?z; d':{g:esnﬁ\e/lss?ueégzen
rangé* has been observed. Hence, iodide adsorption on noble y P

metals may not provide the ideal system to develop and testand’ Sf?ﬁorf’ to Eu:?yt bro&ge-érﬁ&lceg;?angris Iln tthre rﬂo:giholl-
microscopic theories of specific adsorption. For bromide and 0gy o the Au substrate. ' » and recent electrochemica

. ; g . :
chloride, in contrast, much more reversible adsorption isotherms gﬁ? stfri%?g%]!"ﬂ;ogjg’ ev;”g rt:g fﬁ?{?ﬁ;ﬂégﬁiig?&é‘bﬁ of
are found, but only a few in-situ studies of the adlayer structure ; X Yer & . - .
have been reportéd2™29 Detailed structural data on bromide bromide with Au. electrodes will be discussed in sections 4.2
and chloride adlayers may promote a comprehensive under-and 4.3, respectively.
standing of halide adsorption and a more complete view of 2. Experimental Section
specific adsorption in general. _ Cyclic voltammograms, X-ray diffraction, and STM experi-
As will be demonstrated in the present study, the adsorption ments were carried out on the same Au(111) single-crystal
electrodes in deaerated 0.1 M HGI® x M NaBr solution with
* Authors to whom correspondence should be addressed.

1 432 i i
TNew address: Olaf Magnussen, Abteilung Obetienchemie und 10— = X = 10. > The single crystals Werg orlenteq along
Katalyse, University Ulm, 89069 Ulm, Germany. (111) with a rmscut_angle _below 0’._,1mechan|cally pollshe(_j,
® Abstract published irAdvance ACS Abstract&ebruary 15, 1996. and electropolished in cyanide solution. Before each experiment
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the crystal was prepared by sputtering and annealing at 1000 K ' ' i i
in vacuum or by flame-annealing and then transferred into the
electrochemical environment. Solutions were made from high- 2
purity HCIO, (Merck, suprapur), high-purity NaBr (Aldrich,
99.999%), and Milli-Q water.

Cyclic voltammograms were obtained in deaerated electrolyte
in the hanging meniscus geometry. The same Ag/AgCl (3 M
KCI) reference electrode as in the SXS experiments was used.

Current [uA]
o

Diffraction experiments were performed with monochromatic -9
X-rays (. = 1.54 A) at the National Synchrotron Light Source
at beamline X22B. The experimental procedures have been S , ‘ ]
described previousk-33and will be described here only briefly. —04 -02 0 02 04 06 08

The sample is mounted in an electrochemical thin-layer cell
made from Kel-f with a Au counter and a Ag/AgCI reference
electrode. The Au(111) surface faces arh thick Prolene

(Chemplex) X-ray window. At the beginning of the experiment

EAg/AgCt [V}

Figure 1. Cyclic voltammogram of Au(111) in 0.1 M HCIO+ 100
mM NaBr (potential scan rate 10 mV/s).

this window was inflated by filling the cell with deaerated () o o
electrolyte, resulting in a several millimeter thick liquid layer o .o ‘.

on top of the Au surface. For the X-ray measurements the liquid ©

layer was reduced tec10 um by deflating the cell. The S, .o
electrochemical cell was enclosed in an outer cell filled with (0,1)
high-purity nitrogen gas. X-ray reflections are indexed accord- o * : O gy o <XX>
ing to the hexagonal coordinate systéfiormed by two vectors COR ¢ an
aandb to the nearest-neighbor atoms within the surface plane 7 . - (1;3’)-;._3

(8] = |b| = aa, = 2.885 A) and one vectdralong the surface o <X.0>
normal (¢ = 7.067 A). In section 3.2 only the first two .. .o .
componentsH,K) of the corresponding reciprocal lattice are o o

given, which describe the wavevector within the surface plane.

The component. normal to the surface was usually kept at 0.2
(corresponding to a grazing incident angle of Z2)25All (o)
structural data were obtained from fits of the diffraction peaks

to a simple Gaussian (azimuthal scans) or to a Lorentzian line

shape convoluted by a Gaussian resolution function with a half-

width at half-maximum (hwhm) of 0.0057 A (radial scans). A
For the STM experiments a Nanoscope Il instrument was _
used. Tunneling tips were etched from polycrystalline W wire v
and coated with nail polish. An electrooxidized Au wire served <1,1>

as a reference electrode. Due to chemical interaction with the Figure 2. (a) X-ray diffraction pattern and (b) corresponding bromide

electrolyte, the reference potential slowly drifts with time over surface structure. The positions of the crystal truncation rods of the
the several hours required for the STM measurements. HenceAu(111) substrat_e (open circles) in (a) are indexed according_to the
the potential scale was calibrated in situ at various stages of "éxagonal coordinate system. The first (A), second (B), and third (C)

th t by th tential of Au dissoluti i order diffraction peaks of the bromide adlattice (filled circles) are
e measurement by the potential of Au dissolution (see sec Ionarranged in pairs with each peak rotated relative to Au peaks of the

3.1) and by the potential of ordered adlayer formation. All same order by 30+ ¢, whereg is a small potential-dependent angle.
potentials are referred against Ag/AgCI. All presented images The real-space model in (b) shows one domain of the corresponding
except Figure 6b, which is recorded in constant-height mode, hexagonal adlayer (filled circles), which is rotateddoyelative to the

are obtained in constant-current mode. The images are pre-v/3 direction of the Au surface (open circles).

sented as top views with darker colors corresponding to lower
height (or current) levels and are filtered by a low-pass filter
only.

current at=0.25 V, where bromide is completely desorbed. This
additional current is associated with further specific adsorption
of bromide at a slower rafé. In this potential range a small
and completely reversible peak is observed at 0.42 V in the
anodic and cathodic potential scan (arrows). As will be shown
3.1. Cyclic Voltammogram. Figure 1 shows a cyclic  subsequently, this peak is correlated with the formation of an
voltammogram of our Au(111) single crystal in deaerated 0.1 ordered structure within the bromide adlayer. The correspond-
M HCIO4 + 0.1 M NaBr solution obtained in a separate ing peak potential will be calle&, in the following. Above
electrochemical cell. Several features characteristic for bromide 0.65 V the current rapidly increases due to bromide oxidation
adsorption on Au(111) are observed, in good agreement with and anodic dissolution of the Au substrate.
voltammograms reported in the literat®®.34 At —0.12 and 3.2. X-ray Diffraction Experiments. At potentials above
—0.18 V we find peaks in the anodic and cathodic potential 0.2V the Au surface is unreconstructed, and in-plane diffraction
sweep. As shown befof833 these peaks are related to the peaks are only found at the positions of the crystal truncation
lifting and re-formation of the Au surface reconstruction due rods. Changes are only observed if the potential is raised into
to the adsorption and desorption of a few percent of bromide, the range positive d& (i.e., above 0.42 V in solution with 0.1
respectively. The major change in bromide surface concentra-M NaBr). The diffraction pattern in this potential range is
tion occurs within this peak and a broad shoulder, i.e., in the shown in Figure 2a. It exhibits six hexagonally arranged pairs
potential range-0.2 to+0.2 V. At more positive potentials  of diffraction peaks at the first-, second-, and third-order
(0.2-0.65 V) the current is almost constant but higher than the positions A, B, and C. As visible in the scattering profiles

3. Results
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Figure 3. (a, top) Azimuthal scans at the positions of the superstructure
peaks in 0.1 M HCI@+ 10 mM NaBr at 0.2 V (filled circles) and 0.6

V (open circles). At 0.6 V diffraction peaks are observed, which are
rotated byp = £3.7° relative togo with ¢o = 30° (X, X[direction) for

(A) and (C) andpo = 0° (CX,0Cdirection) for (B). (b, bottom) Radial
scans through the first bromide diffraction peak at 0.48 V (open circles),
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Figure 4. (a) Nearest-neighbor spacimag,(E) and (b) rotation angle

¢(E) relative to the Au~/3 direction of the bromide adlayer on
Au(111) in 0.1 M HCIQ containing 100 mM (circles), 33 mM (squares)
10 mM (triangles), and 1 mM (diamonds) NaBr. Open and filled
symbols correspond to the positive and negative direction of the
potential sweep, respectivelys,(E) data for 100 mM NaBr were fitted

to a third-order polynomial resulting ias(E) = 4.5466 A— 0.2545
AV-IE — 2.0264 A V2E2 + 1.9213 A V3E3 (solid line); theag,(E)
curves at other concentrations are described by shifting this curve 32,
65, and 130 mV positively (dashed lines).

the coherence length observed for the rotated-hexagonal phase
of iodide adlayers on Au(lll}®

The dependence of the adaterdatom spacings; and the
rotation anglep on potential and bromide concentration is shown
in Figure 4. They were obtained from experiments where the
potential was changed stepwise by 20 mV every 370 s in
positive (filled symbols) or negative (open symbols) direction.
For NaBr concentrations between 10 and 100 mM the potential

0.52 V (closed circles), 0.56 V (open squares), 0.60 V (closed squares),was first increased, starting from the potential of the ordered

0.64 V (open triangles), and 0.68 V (closed triangles).

adlayer formation, and then decreased again (in 10 and 100 mM
NaBr solution only). Theg,(E) values obtained in the positive

shown in Figure 3a, the peaks are rotated with respect to theand in the negative potential scan differ by less than 0.005 A;

X,XOaxis (A and C) and thé&X,00axis (B) by the same small
angle¢. Rotation angle and radial peak position are a function
of the potential and range from 3.20 4.7 for ¢ and from
0.683 to 0.716 for the positioa, (in units ofay,) of the first-

i.e., the adatomadatom spacing is a well-defined function of
the potential. In 1 mM NaBr solution the kinetics of bromide
adsorption is considerably decreased by the thin-layer geometry
of the X-ray experiment, and only the curve in negative direction

order peak A, respectively. The potential dependence of the could be obtained (starting with a bromide adlayer which was
peak positions is illustrated by radial scans at various potentials adsorbed after inflating the cell at 0.78 V).

shown in Figure 3b.
As described previoushp this diffraction pattern indicates

At the potentialEy, where the ordered adlayer is formed, the
adlattice spacing is 4.24 A. With increasing potential the adlayer

a rotated-hexagonal adlayer structure as shown in Figure 2b.js compressed over a potential range of 300 mV down to a

The bromide adlayer is rotated by¢ relative to the+/3
direction (i.e., to thell,10axis in the hexagonal coordinate
system) of the Au substrate. The nearest-neighbor dis&ce

saturation value of 4.03 A. This electrocompression of the
adlayer is monotonic, and no discontinuities in #3g€E) curves
are observed. Hence, we can exclude a lock-in of the adlayer

of the adatoms in this ordered bromide monolayer ranges into high-order commensurate structures, which would result
between 4.24 and 4.03 A. The diffraction peaks have a hwhmin a fixed bromide spacing in a certain potential regime.

of 0.15—-0.3 in the azimuthal scans (see below) and a potential-
independent hwhm of 0.0@3, in the radial scans (Figure 3b).

Numerically, theag (E) curves can be approximated by a third-
order polynomial. A fit of the data in 200 mM NaBr solution

Assuming a perfect sample mosaic, this corresponds to a spatiato this functional form is shown as a solid line in Figure 4a;

coherence length of 330 &. This is smaller than the coherence
length of the underlying Au substrate (550 A) but similar to

shifting this curve by 65+ 3 mV per logarithm of NaBr
concentration (dashed lines) provides an excellent description
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of the data at lower concentrations. This potential shift is close 50 ' ' ' ]
to the 59 mV shift which is expected for a nominal charge (a)
transfer of 1 € from the bromide to the Au electrode, i.e., for
an electrosorption valency = —1.

While the ag/(E) curves are completely reversible, the

451

P [degrees]
o~
(e

potential dependence of the rotation ang(E) exhibits a more 35F .
complicated behavior (Figure 4b). A nearly reversipiE)

dependence is found only if the potential is maintained within 30t ]
~100 mV positive ofEg. Changing the potential to more 050 T ' T ]
positive values, as in the experiments shown in Figure 4, results (b)
in a large hysteresis of up to 0.Between the positive and the g 04r y
negative potential scan. In addition, ti€E) dependence is g 03l |
different for different NaBr concentrations in the electrolyte. =

For exampleg(Ey) is 4.62, 4.3#, 4.13, and 3.72in 100, 33, < 02f |

10, and 1 mM NaBr solution, respectively, although the adlayer -

spacing ag/(Eg) has the same value of 4.24 A at all four 01, . . . .
concentrations. The nature of this shififrby ~0.4° per decade

of NaBr concentration is not understood. Independent of Br
concentrationg approaches a saturation valuegok: 3.4° at

the most positive potentials in all experiments where the
potential was increased slowly in small potential steps. This
value is approximately maintained in the negative potential scan
down to a potentiakk100 mV positive ofEy, above whichy

R
T

integrated Intensity [a.u.]
(e}
(3]

returns to a higher value. Only tlg€E) curve in 1 mM solution 0. , . , ]
qualitatively differs from this behavior, in particular, at the 0.4 0.5 0.6 0.7 0.8
positive end of the potential range where the valug isf much Erg/agor [v]

higher. This is p_robably related tg_the dlffer(_ant_experlmental Figure 5. (a) Rotation angle)(E), (b) azimuthal hwhmA@(E), and
procedyre by Wh'_Ch the most_ positive potential is ?pp_roaChEd (c) integrated peak intensity (normalized to the saturation value) of
(potential step at inflated cell instead of slow stepwise increase the first-order diffraction peak of the bromide adlayer on Au(111) in
with deflated cell). It should be noted that even at this 0.1 M HCIO, + 100 mM NaBr, obtained from fits of azimuthal scans
concentrationp decreases to 3 4efore it increases again. to a Gaussian. The potential was changed in 20 mV steps at a rate of

P : —_ - 370 s/step from 0.5 to 0.4 V (filled triangles), then to 0.76 V (open
The hysteresis Ig(E) is paralled by distinct changes in the circles), and then back to 0.4 V (filled circles). The error bars in (b)

widths and intensities of the diffraction peaks. As an example, ang (c) correspond to the instrumental errors; the error bars in (a) depict
Figure 5 shows data of an experiment in 0.1 M NaBr solution, A¢ to illustrate the widths of the diffraction peaks.

where the potential was first stepwise decreased from 0.5 to

0.4V (filled triangles), then increased to 0.76 V (open circles), A¢(E) in the range 0.35-0.45. It is noteworthy that the
and finally decreased back to 0.4 V (filled circles). Parts b and diffraction peaks in the azimuthal scans cannot be described
c of Figure 5 show the hwhmg(E) of the diffraction peaks  perfectly by the Gaussian fits but seem to exhibit a broader tail
along the azimuthal scan direction and the total integrated peaktoward lower angles (see Figure 3a). The broadening and
intensity, respectively. To illustrate the relationship between the shift in position toward lower angles in this potential range
peak position and peak width, the figure (Figure 5a) includes may therefore be partly related to an increase in this low-angle
the rotation anglep(E), shown in Figure 4b, with error bars  t4jl. |n addition, the non-Gaussian peak shape and the constant,
given by+A¢(E). As seen in the figures, the hysteresig(t) potential-independent value of the fwhm along the radial
is paralleled by a hysteresis Aw(E) whereas the peak intensity  gjrection indicate that the peak broadening is associated with a
changes in a reversible way over the entire potential range. A proader distribution of the local angke of the individual
distinctly different behavior oA¢(E) and the peak intensity is  yotational domains rather than a change in the adlayer coherence
found for the potential region wher¢(E) behaves nearly  |ength. Upon decreasing the potential (filled circles) significant
reversible and the region wheg¢E) exhibits hysteresis. For  changes in the peak position and width are observed only at
potential changes withi=100 mV of Ey, A¢(E) maintains @ potentials below 0.54 V, whes(E) andA¢(E) rapidly approach

constant value or0.15. In this potential range the peak thejr reversible values. The microscopic origin of this complex
intensity changes almost linearly with potential and more than \ahavior will be further discussed in section 3.3.

doubles betweerty and 0.54 V. This potential dependence
cannot be caused by changes in the coverage of the Br adsorbat%
which varies only slightly with the potential (see below) but

has to be explained otherwise. Either the ordering of the adlayer

at Eg occurs only on parts of the surface in form of islands, V3 x 43 e )
which coexist with disordered areas and grow with increasing (V3 x v3)R30" structure was reported. In this range no

potential, or the surface-normal distribution and the Debye additional peaks indicative of an ordered superstructure are
Waller factor of the adsorbates changes with potential. Dif- OPserved along théX,00and thelX,XUaxis, ruling out the
ferentiating between these two explanations would require €xistence of af x +/3) phase, as observed for iodine on Au-
measurements of the full adsorbate truncation rods at various(111)*® In particular, no peaks at th&/{"/3) positions are found
potentials, which was not attempted. At 0.54 V the peak atany potential, which excludes the presence of a well-ordered
intensity approaches a constant, maximum value. Increasing(x/é X «/§)R30° structure. Below 0.2 V additional peaks
the potential into this range causes a broadening of the peakscorresponding to the formation of the Au(111) surface recon-
in azimuthal direction (see Figure 5a,b, open circles) up to a struction are observed. The X-ray diffraction results on the

Finally, over the entire potential range no indication is found
r other ordered adlayer structures. Particular closely studied
was the potential range between 0.2 V alBgl where the
bromide coverage is high and where the observation of a
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Figure 6. STM images of (a, ¢, d) 8& 80 A2 and (b) 65x 65 A? large surface areas on Au(111) in 0.1 M HGI® 1 mM NaBr. (a) At 0.44

V only the hexagonal Au substrate lattice is visible; (b) upon increasing the potential with a sweep rate of 5 mV/s from 0.48 V (upper edge) to 0.59
V (lower edge) the rotated-hexagonal bromide adlayer is formed (center). Due to the different mismatch of the adlattice and the Au substrate at
(c) 0.59 and (d) 0.74 V a slightly different long-range modulation pattern is observed in these images. By approximating the adlattice by high-
order commensurate unit cells (arrows indicate unit cell vectors), the lattice parameters can be estimated (see text).

structural phase transition between the reconstructed and theo 0.59 V (lower edge). In the upper half of the image the Au
unreconstructed surface in bromide solutions are described inlattice can be clearly recognized. However, in the center this
ref 30 and will not be discussed here. structure is replaced by a new hexagonal structure. The lattice
3.3. STM Experiments. Atomic scale STM images of the  of this superstructure has a larger spacig.g A) and is rotated
Au(111) surface in 1 mM NaBr solution are shown in Figure relative to the Au lattice by=25°, which is in good agreement
6. At0.44V (Figure 6a) only a hexagonal lattice with a lattice with the SXS results. This structure can be observed up to a
spacing of 2.9 A, congruent with the Au substrate lattigg, ( potential of 0.8 V where the anodic dissolution of the Au starts
= 2.885 A), is visible although Br coverages of 623 (see below). If the potential is kept constant in the potential
monolayer can be estimated from coulometric experimeAts. range of the ordered adlayer, the superstructure is always
suggested befor®, this apparent transparency of the anion observed over the entire area imaged by the STM, and no
adlayer may be caused by a high adsorbate mobility. The coexisting disordered areas are visible. Nevertheless, the
formation of the ordered bromide adlayer at more positive existence of such areas as suggested in section 3.2 cannot be
potentials can be observed in Figure 6b. In this experiment excluded, since the STMs tip may stabilize the ordered phase
the potential was increased by 5 mV/s from 0.48 V (upper edge) in the scanned surface area.
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Figure 7. STM images of a 100 1000 2 large surface area on Au(111) in 0.1 M HGI® 10 mM NaBr showing the anodic dissolution of
Au by a step-flow etching mechanism. The images are recorded subsequently at a rate of 2 min/image 1 min after the potential was increased to
0.7 V; the slow scan direction is indicated by black arrows in the lower left corner (white arrows are described in the text).

The mismatch between substrate and adlattice creates a long- The etching of the Au(111) surface at very positive potentials
range modulation (Moirgattern) which can be observed in is illustrated in Figure 7. The STM images in this figure were
high-resolution STM images such as Figure 6c,d. The long- successively recorded in time intervals of 2 min in a surface
range modulation pattern is very sensitive to the lattice mismatch area exhibiting originally a terrace with several monatomic deep
agr/aay (and, hence, to the adlayer spacag) and the rotation holes (typical diametex50 A) and a series of monatomic steps
angle¢. In the image in Figure 6c¢, recorded at 0.59 V, the in the lower right corner. Figure 7a was recorded just after the
modulation maxima repeat at a period of 13.3 A. In contrast, potential was raised to the onset of the high positive current in
the periodicity of the modulation in the more compressed adlayer the voltammogram (0.7 V in 10 mM NaBr solution). At this
at 0.74 V (Figure 6d) has decreased to 11.6 A. The structural potential the sample topography changes continuously with time
parameters of the Mairpattern andag/aa, and ¢ are linked at a fast rate, and the STM, consequently, does not provide static
by a simple algebraic relationshipwhich in principle could images. Instead, the slow-scan direction now also serves a time
be used to calculates; and¢. Measurements of angles and scale. (Note that Figure 7a is recorded from bottom to top and
distances in STM images, however, are often imprecise due toFigure 7b from top to bottom.) As can be seen in Figure 7a
thermal drift and imperfect calibration of the STM piezos. and the subsequently recorded image in Figure 7b, the holes
Much more precise structural data ag and¢ can be obtained  continuously increase in size and the step edges withdraw. In
by approximating the adlattice structure by a high-order contrast, formation of etch pits in the center of an atomically
commensurate structure with similar Moingattern. This  flat terrace is not observed. Hence, the surface is etched only
technique does not require any absolute measurements and igt step edges. The local rate of this step-flow etching can be

therefore independent of image distortions. estimated from the progression of the step edges with increasing
Using this method, the structures in Figure 6c¢,d were time difference between the scan lines in the successive STM
approximated by {301 x +/301)R33.3 and (/193 x images (0 s difference at the upper edge of the images, 240 s at

V193R35.3 structures, respectively. (Unit cell vectors are the lower edge). The steps move with4 A/s, which would
indicated in the figures.) The lattice vectBfommensof these ~ give etch rates of 0:31.2 monolayer of Au per minute for an
commensurate unit cells is paralleldg; its length is given by ~ average stepstep spacing of 200 A. It should be noted that
the distance between maxima of the Mojpattern along this this is lower than the etch rate typically measured in macroscopic
direction (12, and 1@y, for Figure 6, ¢ and d, respectively). electrochemical experiments. First, typical (polycrystalline) Au
From this the adlattice spacing can be calculated, e.ggas electrodes usually have higher step densities, and second, the
/301:2.885/12 A for the structure in Figure 6c; the relative ©Ch rate observed by STM may be limited by the slow diffusion
error inag; is given byA/[Gcommenk WhereA is an estimate of ~ ©f Br™ ions in the thin layer between tunneling tip and substrate.
the deviation from the commensurate positiag €& A ~ 0.5 Occasionally, the STM observations show local blocking of
A). The resulting parameters for the adlayer age= 4.17 + the step-flow etching. An example is found at the lower edge
0.04 A andp = 3.3+ 0.5 at 0.59 V andhg, = 4.01+ 0.04 A of Figure 7. Here a protrusion in the first step edge in Figure
and¢ = 5.3+ 0.5 at 0.74 V. In addition, experiments in 0.1  7a survives as an isolated circular island in Figure 7b (see white
mM NaBr solution revealed a spacingaj; = 4.17+ 0.04 A arrows), while a whole monolayer has been removed in its
at 0.66 V, which is consistent with a 60 mV potential shift per immediate vicinity. The etch front which started in the center
decade of concentration. These structural parameters for theof the image (central hole) is separated by this island in two
rotated-hexagonal structure are in approximate agreement witharms progressing to the left and the right. A similar feature is
those of previous in-situ STM experiments, which foumad= observed at the right edge of Figure 7b. These islands are
4.4 A andp =104 3°.12 probably caused by the pinning of strongly adsorbed impurities.
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T A N the potential range of the rotated hexagonal adlayer structure

12y 1052 (at 0.5 V in 0.01 M KBr). Since reflectivity measurements
] probe the density profile along the surface normal averaged
an 051 within the surface plane, this measurement of the local coverage
< e is independent of the in-plane order in the adlayer. Hence, the
g 70r overall bromide adlayer density is the same as that measured
= 4050 & by SXS for the ordered phase. In addition, the reflectivity data
o 2. indicate an adlayer corrugation amplitude which is in good
x 68k 0.49 i agreement with the corrugation amplitude calculated for the
L& g geometric modulation of the Mdirpattern. The Moirecor-
= 2 rugation amplitude obtained from the STM experiments, in
g H048 O contrast, is significantly smaller, probably due to electronic
N 66 L ¥ contributions in the STM image.
E 1047 The rotated-hexagonal structure is the only ordered adlayer
£ superstructure which was observed in our SXS as well as in

our STM experiments. In contrast, previous STM experiments

7046 reported an additionalv(3 x +/3)R30° superstructure in the
: : ! potential range negative of the rotated-hexagonal adf8yéhis
0.4 0.5 0.6 0.7 0.8 bservation is at variance not only with our results but also
3 v) ot
Ag/AgC! with measurements of the coverage by chronocoulonfetry,
Figure 8. Surface concentratioRs(E) and coverag®s(E) relative quartz microbalancand ex-situ electron spectroscobwhich
to the Au(111) surface density obtained by X-ray diffraction, STM, find considerably higher Br coverages than #hemonolayer
and chronocoulometry. SXS results in 0.1 M HGIWith 100 mM associated with a»@ x \/é)F\GOO structure. Furthermore, no
(circles), 33 mM (squares), 10 mM (triangles), and 1 mM NaBr are g, gpikes in the cyclic voltammogram, indicative of the

calculated from the data in Figure 4a; results of STM experiments in f . f d | | ial
0.1 M HCIO, with 1 mM (large diamonds) and 0.1 mM (large circle) ~formation of an ordered adlayer, are observed at lower potentials.

NaBr are calculated from the data given in section 3.3. For comparison,  Finally, we compare our structural data to the bromide surface
chronoculometric data for 0.1 M KCIo+ 1 mM HCIO; + 1 mM excess obtained by chronocoulometric experiments of Shi and
KBr (stars) from ref 5 are shown (with permission of J. Lipkowski). Lipkowski® (stars in Figure 8). By combining thermodynamic
and structural information, a very detailed picture of bromide
They locally conserve the original vertical position of the surface adsorption arises. Over a large potential range the results of
and may evolve to sharp protrusions with heights of many the electrochemical and of the X-ray measurements differ by
atomic layers after prolonged etching, thereby increasing the only 1-2%. (The larger deviation above 0.7 V is probably

6.4

roughness of the surface. related to the onset of Au corrosion.) The good agreement of
) ] macroscopic and microscopic coverage measurements suggests

4. Discussion that the majority of the adsorbed bromide is confined to a close-

4.1. Comparison of Structural and Thermodynamic Data. packed, ordered adlayer, and the amount of bromide anions in

The results of our STM and SXS experiments are in good the diffuse layer is negligible.
agreement. This is illustrated in Figure 8 which shows the  Chronocoulometric experiments can measure the surface
surface concentrratiohg,(E) and the coverage relative to the concentratiolg(E) in the potential range where the bromide
Au substratéfg(E), both calculated from the adatom spacing adlayer is disordered and the structural probes are insensitive
ag(E). Taking into account the small uncertainty in the potential to the adsorbate. These measurements show that the formation
of the reference electrode for the STM experimert3( mV), of the ordered structure is not accompanied by a sudden uptake
the I'g(E) data in 1 mM NaBr solution obtained by STM and of bromide anions from the solution. Insted#,(E) increases
by SXS measurements overlap within the experimental error. continuously in the potential regime of the phase transition with
In particular, both techniques find an electrocompression of the same slop@l's/dE in the ordered and in the disordered
similar magnitude. However, the STM experiments examine phase. The potential regime where the Au surface is covered
the surface on a very local scale while SXS probes the surfaceby a disordered adlayer with a similar compressibility as in the
structure within a coherence length (which exceeds the inverseordered phase starts at a potential 300 mV more negative than
resolution of 1/0.0057 A= 175 A) incoherently averaged over the potential of the disordetorder transition. It is preceded
a surface area of several mmHence, the good agreement by a 300 mV wide potential regime where the major uptake of
indicates a very homogeneous adlayer structure without largebromide occurs and the average incred3g/oE is about 7 times
spatial deviations. In addition, the very uniform appearance of larger as in the ordered phase. This phase may be characterized
the adlayer in the STM images demonstrates a high homogeneityas a two-dimensional gas in contrast to the more liquidlike
on a very local scale. This, as well as the absence of satellitebehavior of the adlayer (high density, low compressibility, no
peaks and the continuous compression of the adlayer withlong-range order) at more positive potentials. The 2D gas phase
potential, excludes an interpretation of the SXS results in terms is correlated with the broad peak in the cyclic voltammogram
of a local /3 x +/3)R30° structure with a very high density ~and may be interpreted as Frumkin's adsorption of strongly
of domain boundaries as had been suggested for similarrepulsively interacting (partly charged) adsorbates.
incommensurate adlayer structures, e.g., for physisorbed noble 4.2. Adlayer Structure. The coalescence of results from
gases’ and supports interpretation in terms of a true incom- various techniques provides reliable data on the structural
mensurate phase. properties of the bromide adlayer, namely, the adlayer com-
Previous Br adlayer density measurements by specular X-raypressibility and orientation. These will now be discussed. We
reflectivity®® agree well with the in-plane X-ray scattering will occasionally refer to the results for similar close-packed
results. Here a Br coverage of 0.49 or a surface density of 6.8 adlayers of chloridé and iodidé® on Au(111); an explicit
x 10714 atoms/cr, localized in a single adlayer, was found in  comparison of all three halides can be found in ref 31.



Bromide Adsorption on Au(111) Electrodes J. Phys. Chem., Vol. 100, No. 13, 1996507

According to our data, bromide forms an incommensurate flow etching occursag, saturates and, consequenity, — 0.)
adlayer structure on Au(111) rather than a series of high-order Hexagonal ordered chloride(Cl) = 4.65 A2 ev-1) and iodide
commensurate structures. This is indicated by the continuous(kap(l) = 5.40 A eV1) adlayers on Au(11%} have compress-
change of the structure with potential as well as by the poorly ibilities in the same range but vary less since their potential
defined adlayer orientation (see below). The best low-order range of stability is smaller. In contrast, the compressibilities
commensurate approximation of the adlayer structure is a of metal monolayers formed by underpotential depostfiéh
(2v/7 x 2v/7)R19.T° structure with 13 bromide adatoms per are lower fzp ~ 1-2 A2 ev-1)#041and those of physisorbed
unit cell and withag, = 4.23 A and¢ = 3.0°. This structure noble gases on metal surfaces are considerably highgr{
resembles the structure observed at the potential of orderedl0—30 A2 eV—1),42-44in accordance with the expected hardness
adlayer formationdg(Eo) = 4.23 A), which may help trigger  of the respective ion cores. A quantitative explanation of the
the initial ordering of the adlayer. The more close-packed compressibility of halide adlayer is difficult due to the com-
structures at higher potentials, including the saturation structureplicated and unknown interatomic potentials involved. Calcula-
above 0.7 V, could only be approximated by commensurate tions not only would require reliable data on the bromide
structures with unreasonably large unit cells (see Section 3.3).bromide interatomic potential but also would have to account
In principle, the compression of the adlayer at higher potentials for Coulombic and substrate-induced contributions and multi-
could be also explained by a¥Z x 2v/7)R19.1° structure,  particle interactions.
which becomes more condensed by the growth of heavy domain  Our results on electrochemical halide adsorption show similar
walls3” However, the constant hwhm of the diffraction peaks trends as previous studies of halide adsorption from the gas
and the STM observations rule out this domain wall model.  phase, which revealed the formation of ordered chemisorbed

In contrast to the adlayer spacing, the orientation of the adlayers on a number of metal substr&fe$. Although gas
bromide adlayer relative to the gold substrate is not a very well- phase adsorption of bromine on Au(111) has not been studied
defined quantity. It depends not only on the mismatch between explicitly, incommensurate close-packed adlayers structures with
the adlattice and the substrate lattice but also on the bromidesimilar packing densities were observed in a vacuum environ-
concentration and the history of the potential changes. Appar- ment for a number of other haligenetal systems. In addition,
ently, the rotation anglep is defined by a rather shallow the packing density in those structures often changed uniformly
minimum in the adlayer free energy. The nonequilibrium phase with coverage, analogous to the electrocompressible structures
behavior of the rotation angle cannot be described by simple observed at the solieelectrolyte interface. This structural
theories, such as that of Novaco and McTagudven at the agreement suggests an overall agreement in the chemical nature
most negative potentials, where the potential dependenge of of the adlayers formed under halogen gas or in halide solution.
is reversible (for a given NaBr concentratiog)oes not depend ~ Assuming that the presence of the bulk liquid phase is negligible,
linearly on the incommensurability parameter= @, as electrochemical and ultrahigh-vacuum studies of halide adsor-
predicted by this theory. The structural identical, rotated- bates on metal surfaces may complement each other. While
hexagonal iodide adlayer on Au(111), in contrast, is described the gas phase studies benefit from the availability of a wide
well by the Novace-McTague theory?8 variety of surface-sensitive techniques, experiments at the

Although the adlayer orientation cannot be described quan- ele_ctrochemical interface aIIov_v_ st_udies of t_h_e strongly bound
titatively, the following two observations seem noteworthy. First, halide adsorbates under equilibrium conditions. Hence, the
the complicated, irreversible behaviord(E) in no way affects former can _prOV|de_|_nS|_ght into electronic structure and binding;
the potential dependence of the adlayer spaein(E), which the Iatte_r give eqU|_I|br|um structural parameters as a function
is a well-defined, smooth function over the entire potential range. ©f chemical potential.

This indicates that the adlayer structure is governed almost 4.3. Au—Br Surface Chemistry. In the following, we will
exclusively by the adsorbat@dsorbate interactions. The describe briefly how the structural data are related to the halide
adlayer orientation can be regarded as a secondary effectgold surface chemistry in aqueous solution. Previous reflectivity
resulting from the best match of a fixed, rigid adlattice to the measurements indicated a spacing of 2.4 A between the
substrate lattice. Second, similar nonequilibrium behavior of adsorbate and the Au surface la§fdor chloride, bromide, and
the adlayer orientation has been observed in other adsorbedodide. This is close to the covalent bonding distance, although
monolayers with similar structure. Examples are monolayers the incommensurate nature of the adlayer requires a more
of iodide!® and TPF? on Au(111) and of Tl on Ag(111%} where complicated, delocalized bonding. In contrast, the halligide

the irreversibility ing(E) was attributed to adsorbed impurities. spacing in the adlayer is close to the van der Waals diameter
In all these experiments the adlattice spacing was a well-definedfor all three species, similar as in bulk gelalide compounds.
function of potential. For | on Au(11l) the experiments This asymmetry in lateral and vertical bonding distances is not
demonstrated the coexistence of two orientational phasesobserved if the adsorbateadsorbate and adsorbatsubstrate
differing by 0.2 in ¢(E) over a 50 mV wide potential regimé. interactions are similarly strong, as for example in close-packed
A similar effect could account for the asymmetry in the adlayers of metals on metal electrod&$’ Hence, the bonding
azimuthal diffraction profiles observed for the ordered bromide distances can be directly related to the different chemical
adlayer. The potential dependencepafould be explained by  interactions at the interface.

a model in which the orientation changes between two equi-  The adlayer is a precursor for the formation of soluble gold
librium states given by(Eo) at potentials close t&y and by¢ halide complexes (AuxX, AuX,~, X = Cl, Br, I) at positive

~ 3.4 at more positive potentials. The transition between these potentials. For bromide, this process seems to involve (at least
states could be hlqdered by kinetic limitations resulting in the zt the most negative potentials) merely the lower coordinated
observed hysteresis. Au atoms at step edges, and the close-packed adlayer within

The lateral two-dimensional compressibility of the adlayer the atomically flat terraces is unchanged. A similar step-flow
is given bykap = v/3z e lag(dag/9E).4%41 For bromide on etching mechanisms has been observed in chloride solufions,
Au(111) ko5 changes continuously from 6.742&V-! at the whereas formation of triangular pits was observed upon chemical
potential of ordered adlayer formation to 2.73 V-1 over a etching in cyanide solutioff. The observed microscopic
potential region of 250 mV. (At higher potentials, where step mechanism has two important practical consequences for the
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etching of gold by bromide: First, the macroscopic etch rate
and the homogeneity of the etched surface will depend strongly
on the electrode microstructure. On polycrystalline surfaces,
(111)-oriented surfaces will be etched considerably slower than

less densely packed or highly stepped surfaces, which may
induce faceting. Second, insoluble adsorbates on the surfacé®

such as organic impurities can hinder the movement of steps
across the surface. In contrast to mechanisms involving the
formation of etch pits, only a small fraction of the surface area,

namely, the step edges, have to be blocked by adsorbates to

drastically reduce the etching. In addition, partial blocking by

Magnussen et al.
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roughness. The influence of blocking by adsorbed impurities
should decrease with increasing hatidgld interaction. In-
deed, the blocking effects observed in solutions containing
chloride ions are much stronger than those in solutions contain-
ing bromide?®®

5. Conclusions

We have presented a detailed in-situ X-ray diffraction and
STM study of the structure of bromide adlayers at the Au($11)
aqueous solution interface and compared it with previous
electrochemical measuremehtsThe good agreement of the
results illustrates how these different techniques can be com-

bined to get a comprehensive understanding of electrochemical

chemisorption. The combined thermodynamic and structural
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data suggest a single adlayer of adsorbed bromide on there, B 1995 51, 5510.

electrode surface, which proceeds with increasing potential from
a two-dimensional gaslike via a two-dimensional fluidlike phase
to an ordered, hexagonal close-packed monolayer. The ordere

(32) Perchloric acid was added only to enhance the electrolyte conduc-
tivity at low bromide concentrations. Experiments in pure NrBr give
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adlayer is incommensurate with the substrate, rotated versuss 1992 46, 10321.

the +/3 direction by a small potential-dependent angle, and
compresses monotonically over a potential range of about 300
mV. At even higher potentials bromide induces etching of the
gold surface via a step-flow mechanism.
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